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Plasma  wave  measurements  on  the  Helios  I and  2 spacecraft  have  revealed  the  occurrence  of  electric 
field  turbulence  in  the  solar  wind  at  frequencies  between  the  electron  and  ion  plasma  frequencies.  Wave- 
length measurements  with  the  Imp  6 spacecraft  now  provide  strong  evidence  that  these  waves  are  short- 
wavelength  ion  acoustic  waves  which  are  Doppler-shifted  upward  in  frequency  by  the  motion  of  the  solar 
wind.  Comparison  of  the  Helios  results  with  measurements  from  the  earth-orbiting  Imp  6 and  8 spacecra 
shows  that  the  ion  acoustic  wave  turbulence  detected  in  interplanetary  space  has  characteristics  essentially 
identical  to  those  of  bursts  of  electrostatic  turbulence  generated  by  protons  streaming  into  the  solar  wind 
from  the  earth's  bow  shock.  In  a few  cases,  enhanced  ion  acoustic  wave  intensities  have  been  observed  ii| 
direct  association  with  abrupt  increases  in  the  anisotropy  of  the  solar  wind  electron  distribution.  Thi 
relationship  strongly  suggests  that  the  ion  acoustic  waves  detected  by  Helios  far  from  the  earth  arf 
produced  by  an  electron  heat  flux  instability,  as  was  suggested  by  Forslund.  Possible  related  mechanism: 
which  could  explain  the  generation  of  ion  acoustic  waves  by  protons  streaming  into  the  solar  wind  fro 
the  earth’s  bow  shock  are  also  considered. 
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Introduction 

Plasma  wave  measurements  on  the  solar-orbiting  Helios  I 
and  2 spacecraft  [Gumeii  and  Anderson,  1977]  have  recently 
revealed  the  occurrence  of  significant  levels  of  electric  held 
turbulence  in  the  solar  wind  at  frequencies  from  about  I to  10 
kHz,  between  the  electron  and  ion  plasma  frequencies.  In  this 
paper  we  expand  the  initial  investigation  of  this  turbulence  and 
present  evidence  that  this  turbulence  consists  of  short-wave- 
length  ion  acoustic  waves^below  the  ion  plasma  frequency 
which  are  Doppler-shifted  upward  in  frequency  by  the  motion 
of  the  solar  wind.  Measurements  are  presented  both  in  inter- 
planetary space,  from  Helios  I and  2,  and  in  the  solar  wind 
upstream  of  the  earth's  bow  shock,  from  Imp  6 and  8.  These 
data  provide  a comprehensive  description  of  the  spectrum,  po- 
larization, wavelength,  and  other  essential  characteristics  of 
the  turbulence.  Comparisons  are  also  made  with  the  ambient 
plasma  parameters  under  a variety  of  conditions  to  identify  the 
origin  of  these  waves.  In  interplanetary  space,  far  away  from 
the  earth,  the  primary  mechanism  for  producing  the  ion  acous- 
tic waves  is  believed  to  be  the  electron  heat  flux  instability 
suggested  by  Forslund  [1970],  Near  the  earth,  however,  the 
same  types  of  waves  are  often  observed  to  be  associated  with 
low-energy  (1-10  keV)  protons  streaming  toward  the  sun  from 
the  earth's  bow  shock.  Thus  more  than  one  mechanism  is 
apparently  operative  in  the  solar  wind  to  destabilize  the  ion 
acoustic  mode.  As  will  be  discussed,  similar  mechanisms, 
based  on  an  induced  drift  between  the  solar  wind  electrons  and 
protons,  are  believed  to  account  for  both  the  heat  flux  and  the 
proton  streaming  instabilities. 

In  the  initial  description  of  the  ion  acoustic  wave  turbulence 
by  Gurnett  and  Anderson  [1977]  this  turbulence  was  called  /p^ 
< f < fp  noise.  This  terminology  was  chosen  on  a strictly 
observational  basis,  since  the  largest  intensities  usually  occur 
in  the  frequency  range  between  the  electron  and  ion  plasma 
frequencies  fp  and  fp*.  As  detected  by  Helios  1 and  2.  the 
maximum  single-channel  (±10%  bandwidth)  electric  field  am- 
plitudes of  the  fp'  < f < fp  noise  are  typically  a few  hundred 
microvolts  per  meter.  The  electric  field  strength  of  this  noise  is 
very  impulsive,  consisting  of  many  brief  bursts  lasting  for  only 
a few  seconds.  When  it  is  viewed  on  a time  scale  of  several 
hours  or  more,  the  fp'  < f < fp  noise  is  present  a large 
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fraction  (30-50%)  of  the  time.  The  noise  is  observed  over  the 
entire  range  of  the  Helios  orbits  from  about  0.3  to  1.0  AU.  The 
frequency  spectrum  of  the  fp*<f<  fp~  noise  shows  a system- 
atic variation  with  radial  distance  from  the  sun,  shifting  to- 
ward higher  frequencies  closer  to  the  sun.  Spin  modulation 
measurements  show  that  the  electric  field  of  the  noise  tends  to 
be  aligned  along  the  direction  of  the  magnetic  field  in  the  solar 
wind.  Gurnett  and  Anderson  discussed  the  possible  plasma 
wave  modes  which  could  account  for  the  fp*  < f < fp~  noise 
and  concluded  that  the  noise  could  be  produced  by  either  the 
Buneman  [1958]  mode  or  the  ion  acoustic  mode,  the  ion  acous- 
tic mode  being  the  most  likely. 

Helios  Observations  in  Interplanetary  Space 

Since  more  data  have  now  been  analyzed  from  the  Helios 
plasma  wave  experiments,  a much  more  detailed  analysis  of 
the  fp*  < f < fp"  noise  detected  by  Helios  in  the  interplanetary 
medium  can  be  provided  than  was  given  in  the  initial  survey  by 
Gurnett  and  Anderson  [1977].  For  details  of  the  Helios  I and  2 
plasma  wave  instrumentation,  see  the  paper  by  Gurnett  and 
Anderson  [1977].  A typical  example  of  the  fp*  < f < fp"  noise 
detected  by  Helios  2 is  shown  in  Figure  1.  Helios  2 at  this  time 
is  near  the  earth-sun  line  at  a heliocentric  radial  distance  of 
about  0.45  AU.  The  solid  lines  for  each  frequency  channel  in 
Figure  I show  the  peak  electric  field  intensities  over  40.0-s 
intervals,  and  the  vertical  bars  (solid  black  areas)  indicate  the 
corresponding  average  electric  field  intensities.  The  intensity 
scales  are  logarithmic  with  a total  range  of  100  dB  from  the 
bottom  of  one  channel  to  the  bottom  of  the  next  adjacent 
channel.  The  fp*  < f < fp~  noise  is  evident  as  a broad  band  of 
noise  extending  from  about  1.0  to  17.8  kHz.  roughly  between 
the  electron  and  ion  plasma  frequencies  fp~  and  fp*.  as  in- 
dicated on  the  right-hand  side  of  Figure  1.  A typical  spectrum, 
selected  from  Figure  I at  a time  of  nearly  maximum  intensity, 
is  shown  in  Figure  2.  The  broad  peak  in  the  spectrum  between 
the  electron  and  ion  plasma  frequencies  is  clearly  evident.  The 
relationship  to  the  local  electron  and  ion  plasma  frequencies 
fp*  < f<  fp  is  believed  to  be  mainly  fortuitous,  since  as  will 
be  shown  later,  the  frequency  spectrum  is  strongly  Doppler- 
shifted  by  the  motion  of  the  solar  wind.  Both  Figure  I and 
Figure  2 show  that  the  peak  field  strengths  of  the  fp'  < f < f^ 
noise  are  much  larger  than  the  average  field  strengths,  in- 
dicating that  the  noise  is  very  impulsive.  The  detailed  temporal 
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Fig.  I.  Typical  example  of  the  fp*  < f < jp'  noise  detected  by  the  Helios  2 spacecraft  al  about  0.45  AU.  The  solid  lines 
and  the  vertical  bars  (solid  black  areas)  indicate  the  peak  and  average  electric  held  strengths.  The  intense  noise  at  low 
frequencies,  :£3I1  Hz,  is  caused  by  interference  from  the  spacecraft  solar  array. 
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Fig.  2.  Typical  spectrum  of  the  fp‘  < f < fp  noise  at  a selected  interval  from  Figure  I.  Note  the  distinct  peak  in  the 
spectrum  at  about  (2-IO)/p‘  and  the  large  ratio  of  the  peak  to  the  average  electric  field  strength,  indicative  of  very  impulsive 
temporal  variations. 
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HELIOS  2.  DAY  92.  APRIL  I,  1976 
START  TIME  0257:25.70  U.T.,  R *045  All. 

Fig.  3.  Very  high  time  resolution  measurements  from  Figure  I, 
showing  the  impulsive  burstlike  temporal  structure  of  the  !„'  < f < 
jp  noise. 


variations  are  illustrated  in  Figure  3,  which  shows  a very  high 
time  resolution  snapshot  of  the  electric  field  intensities  stored 
in  the  spacecraft  memory  from  the  event  in  Figure  I,  at  about 
02S7  UT.  These  high  time  resolution  measurements  show  that 
the  fp*  < f < fp~  noise  consists  of  many  short  bursts  lasting 
only  a few  tenths  of  a second.  The  individual  bursts  have  a 
very  broad  bandwidth  and  tend  to  occur  simultaneously  across 
a broad  range  of  frequencies.  Occasionally,  high  time  resolu- 
tion measurements,  such  as  those  in  Figure  3,  show  distinct 
evidence  of  spin  modulation  caused  by  the  rotation  of  the 
electric  antenna.  A brief  period  in  which  such  spin  modulation 
is  apparent  occurs  from  about  -1-12  to  +15  s in  the  1.78-kHz 
channel  in  Figure  3.  The  spin  modulation  consists  of  two 
maxima  and  two  minima  in  each  l-s  rotation  of  the  spacecraft. 
In  most  cases  the  extremely  rapid  temporal  variations  make  it 
very  difficult  to  determine  the  phase  of  the  spin  modulation 
accurately.  However,  by  averaging  a long  series  of  measure- 
ments the  detailed  spin  modulation  pattern  can  usually  be 
identified.  An  example  of  one  such  series  of  measurements  is 
illustrated  in  Figure  4,  which  shows  the  electric  field  intensity 
distribution  above  a fixed  percentage  occurrence  level  (10  and 
20%)  as  a function  of  the  antenna  orientation  angle  A 
long  (I  hour)  analysis  interval  is  used  to  reduce  statistical 
fluctuations.  These  data  show  that  the  maximum  electric  field 
intensity  occurs  when  the  antenna  is  oriented  approximately 
parallel  to  the  solar  wind  magnetic  held.  Individual  high  time 
resolution  measurements  of  the  spin  modulation,  such  as  those 
in  Figure  3,  also  show  the  same  relationship.  From  these 
measurements  it  is  concluded  that  the  electric  held  of  the  fp*  < 
f < fp  noise  is  oriented  approximately  parallel  to  the  static 
magnetic  held  in  the  solar  wind. 

To  illustrate  the  approximate  fraction  of  the  time  that  the 
fp*  < f < fp  noise  is  present  in  the  solar  wind.  Figure  5 shows 
the  peak  and  average  held  strengths  for  one  complete  solar 
rotation.  The  four  frequencies  shown  in  Figure  5 are  selected 
to  cover  the  range  of  frequencies  in  which  the  fp*  < f < fp 
noise  is  normally  observed.  Here,  as  in  Figure  I,  the  peak  and 
average  held  strengths  are  shown  by  lines  and  vertical  bars.  A 
time  interval  of  36.0  min  is  used  for  both  the  peak  and  the 


average  held  strength  calculations.  It  is  evident  from  Figure  5 
that  peak  electric  held  amplitudes  of  a few  hundred  microvolts 
per  meter  are  present  in  the  frequency  range  from  1 .78  to  5.62 
kHz  a substantial  fraction  of  the  time.  Occasionally,  bursts  of 
fp*  < f < fp  noise  are  seen  to  extend  into  the  562-Hz  and 
17.8-kHz  channels.  Because  of  the  long  interval  for  the  peak 
determination  the  compressed  time  scale  presentation  in  Fig- 
ure 5 tends  to  enhance  the  apparent  occurrence  of  the  fp*  < f 

< fp  noise,  since  even  one  short  burst  during  any  given  36- 
min  interval  will  register  in  the  peak  measurements.  Never- 
theless. these  data  show  that  bursts  offp*  < f < fp  noise  are  a 
common  feature  of  the  solar  wind,  since  during  any  given  36- 
min  interval  a few  bursts  are  normally  detected.  Occasionally, 
quiet  periods  occur.  However,  some  turbulence  is  usually  de- 
tected in  any  given  36-min  interval.  Sometimes,  distinct  en- 
hancements are  evident  for  periods  of  several  days,  for  ex- 
ample, from  November  21  to  November  23  and  from 
November  27  to  November  29. 

To  investigate  the  variation  in  the  spectrum  of  the  fp*  < f < 
fp"  with  radial  distance  from  the  sun,  a detailed  statistical 
analysis  has  been  performed  on  all  of  the  available  Helios  I 
data,  consisting  of  approximately  two  complete  orbits  around 
the  sun.  The  results  of  this  analysis  are  summarized  in  Figure 
6,  which  shows  the  distribution  of  electric  held  strengths  de- 
tected in  each  frequency  channel  as  a function  of  radial  dis- 
tance. The  electric  held  strengths  used  in  this  analysis  are  36- 
min  peak  values,  comparable  to  those  in  Figure  5.  The  electric 
held  strength  contours  shown  in  Figure  6 correspond  to  in- 
tensities which  are  exceeded  a hxed  fraction  (5  and  10%)  of  the 
time.  The  portion  of  the  overall  spectrum  attributed  to  the  fp* 

< f < fp~  noise  is  indicated  by  the  shaded  areas.  The  steeply 
rising  spectrum  at  low  frequencies  (:£500  Hz)  is  caused  by 
interference  from  the  spacecraft  solar  array  (also  evident  in 
Figure  I ).  The  isolated  peaks  in  the  spectrum  at  high  frequen- 
cies (>30  kHz)  are  caused  by  narrow-band  electron  plasma 
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Fig.  4.  Angular  distribution  of  the  electric  field  intensity  of  the  /p* 
< i < noise,  showing  that  the  electric  field  of  this  noise  is  oriented 
approximately  parallel  to  the  solar  vxind  magnetic  field. 
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Fig.  5.  Compressed  time  scale  plot  showing  the  electric  held  intensities  for  one  solar  rotation.  Each  peak  and  each 
average  point  represent  a 36-min  interval.  These  data  show  that  a low  level  of  /„*</<  noise,  at  amplitudes  of  10-100 
fiV  m is  present  in  the  solar  wind  a substantial  fraction  of  the  time. 


oscillalions  comparable  to  the  event  in  Figure  1 at  about  0700 
UT.  These  plasma  oscillations  are  directly  associated  with 
energetic  electrons  streaming  outward  from  the  sun  [Gurneti 
and  Frank.  1975]  and  are  often  directly  associated  with  type  III 
solar  radio  bursts  [Gumett  and  Anderson,  1976],  Although 
narrow-band  electron  plasma  oscillations  are  easily  distin- 
guished from  the  /,*  </</,'  noise,  no  attempt  was  made  to 
separate  the  two  types  of  waves  for  the  statistical  analysis  in 
Figure  6,  since  the  plasma  oscillations  occur  very  infrequently. 
Figure  6 clearly  shows  that  both  the  upper  cutoff-  frequency 
and  the  intensity  of  the  fp*'  < f < /p'-  noise  increase  with 
decreasing  radial  distance  from  the  sun.  A rough  analysis 
indicates  that  the  upper  cutoff  frequencies  of  the/p*  < / < /p‘ 
noise  and  the  frequency-of  ihp  elytron  plasma  oscillations 
vary  approximately  as  UR,  where  R is  the  heliocentric  radial 
distance.  The  radial  variation  of  the  fp*  < f < fp"  noise 
intensity  is  shown  in  more  detail  in  Figure  7,  which  gives  the 
distribution  of  broadband  electric  held  strengths  as  a function 
of  the  radial  distance  from  the  sun.  The  broadband  electric 
field  strengths  used  in  this  analysis  are  calculated  by  in- 
tegrating the  individual  36-min  peak  electric  held  spectrums 
from  562  Hz  to  31. 1 kHz.  As  can  be  seen  from  Figure  6,  the 
main  contribution  to  the  fp*  < f < fp^  noise  spectrum  usually 
occurs  in  this  frequency  range.  The  frequency  of  occurrence 
contours  in  Figure  7 clearly  show  the  increase  in  the  fp*  < f < 
fp  noise  intensity  with  decreasing  radial  distance  from  the 
sun.  A best  ht  analysis  of  the  broadband  held  strength  as  a 
function  of  the  radial  distance,  a power  law  radial  distance 
dependence  being  assumed,  indicates  that  the  electric  held 
strength  also  varies  approximately  as  \/R. 

Imp  6 and  8 Observations  Upstream  of 
THE  Earth’s  Bow  Shock 

Waves  essentially  identical  to  the  fp*  < f < fp  noise  de- 
tected by  Helios  are  also  commonly  observed  by  the  Imp  6 and 


8 spacecraft  in  the  solar  wind  upstream  of  the  earth's  bow 
shock.  See  the  description  by  Gumett  [1974]  of  the  plasma 
wave  instrumentation  on  Imp  6 and  8.  As  will  be  shown,  some 
of  the  fp*  < f < fp  noise  bursts  detected  by  Imp  6 and  8 are 
clearly  of  terrestrial  origin,  whereas  others  appear  to  be  of 
interplanetary  origin,  as  is  true  in  the  Helios  observations. 
Figures  8,  9,  and  10  illustrate  some  typical  examples  of  the  fp* 
< f < fp  noise  detected  by  Imp  8 upstream  of  the  bow  shock. 
Figure  8 shows  an  example  of  an  earth-related  event  in  which  a 
burst  of  fp*  < f < fp  noise,  from  about  0920  to  1115  UT,  is 
closely  associated  with  the  arrival  of  a stream  of  low-energy 
protons  from  the  earth’s  bow  shock.  The  corresponding 
charged  particle  measurements  from  the  University  of  Iowa 
low-energy  proton-electron  differential  energy  analyzer  (Le- 
pedea)  on  Imp  8 are  shown  in  Plate  1.  Details  of  this  spectro- 
gram display  of  the  charged  particle  intensities  and  the  Le- 
pedea  instrumentation  are  given  by  Frank  et  al.  [1976].  The 
sunward  streaming  I-  to  lO-keV  protons  associated  with  the 
fp*  </</*'  noise  are  clearly  evident  in  the  second,  third,  and 
fourth  spectrograms  from  the  top  in  Plate  I,  between  about 
0920  and  1 1 15  UT.  in  almost  exact  coincidence  with  the  burst 
of  /p*  < / < /p  noise.  These  spectrograms  represent  viewing 
directions  looking  toward  local  evening,  local  midnight,  and 
local  morning,  respectively.  The  direction  of  motion  of  the 
protons  can  also  be  seen  from  the  sector  spectrogram  in  Plate 
I.  which  shows  that  the  protons  are  streaming  toward  the  sun 
with  directions  of  arrival  in  the  range  120°  < ir.ve'’  $ 300° 
(solar  ecliptic  coordinates).  Imp  8 at  this  time  is  located  up- 
stream of  the  earth  at  a local  time  of  about  14.5  hours  and  a 
geocentric  radial  distance  of  about  41  Rp.  The  observed  direc- 
tions of  arrival  correspond  closely  with  the  expected  directions 
of  motion  for  particles  originating  from  the  vicinity  of  the 
earth.  The  velocity  distribution  function  for  these  protons, 
measured  along  directions  approximately  parallel  to  the  earth- 
sun  line,  is  shown  in  Figure  1 1.  along  with  the  ambient  solar 
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Fig.  6.  Statistical  survey  of  the  36-itiin  peak  field  strength  measurements  of  the  type  shown  in  Figure  5 for  a total  of  two 
complete  orbits  around  the  sun.  These  data  show  that  both  the  frequency  and  the  amplitude  of  the  <!<!„'  noise 
increase  systematically  with  decreasing  radial  distance  from  the  sun,  with  ]/K. 


wind  distribution  determined  from  the  Los  Alamos  plasma 
instrument  on  Imp  8 (W.  Feldman,  personal  communication, 
1977).  As  can  be  seen  in  Figure  1 1,  the  protons  streaming  into 
the  solar  wind  produce  a very  pronounced  double  peak  in  the 
proton  distribution  function.  Possible  mechanisms  by  which 
these  sunward  streaming  protons  can  generate  /,*  < / < fp 
noise  are  considered  later. 

The  upstream  fp‘  < f < fp  noise  associated  with  protons 
arriving  from  the  earth's  bow  shock,  such  as  that  in  Figure  8, 
almost  certainly  corresponds  to  the  electrostatic  noise  first 
reported  by  Siarj  et  al.  (1970)  upstream  of  the  how  shock  from 
Ogo  5.  In  comparison  to  the  /„'  < / < fp  noise  detected  by 
Flelios  the  upstream  waves  detected  by  Imp  8 have  essentially 


identical  characteristics.  In  both  cases  the  noise  is  electrostatic 
and  extends  with  comparable  intensities  from  about  S62  Hz  to 
10  kHz,  between  the  electron  and  ion  plasma  frequencies.  The 
peak  electric  field  strengths  are  much  greater  than  the  average 
electric  field  strengths,  as  is  true  in  the  Helios  measurements, 
and  angular  distributions,  such  as  those  in  Figure  12.  show’ 
that  the  wave  electric  field  is  aligned  approximately  parallel  to 
the  solar  wind  magnetic  field,  also  in  agreement  with  the 
Helios  observations.  From  all  available  evidence  the  elec- 
trostatic waves  generated  upstream  of  the  earth  by  protons 
arriving  from  the  bow'  shock  are  essentially  identical  to  the  /p* 
< f < fp  noise  detected  by  Helios  far  from  the  earth.  These 
comparisons  indicate  that  the  same  basic  plasma  wave  mode  is 
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R.  HELIOCENTRIC  RADIAL  DISTANCE,  A.U. 

Fig.  7.  More  detailed  analysis  of  the  broadband  electric  held  intensity  as  a function  of  the  radial  distance  from  the  sun. 
The  radial  distance  is  plotted  on  a logarithmic  scale,  so  that  a power  law  dependence  will  be  a straight  line.  The  electric  field 
amplitude  varies  approximately  as  \/R. 


involved  in  both  types  of  noise.  The  detailed  mechanisms  by 
which  the  noise  is  generated  must,  however,  be  quite  different 
in  the  two  cases,  since  protons  from  the  earth’s  bow  shock 
cannot  possibly  produce  the  waves  detected  by  Helios  far  from 
the  earth. 

Not  all  of  the  < f < fp^  noise  bursts  detected  by  Imp  8 
are  associated  with  protons  arriving  from  the  bow  shock. 
Figure  9,  for  example,  shows  a sequence  of  fp*  < f < fp"  noise 
events  extending  over  an  entire  day  which  are  not  related  to 
upstreaming  protons.  The  corresponding  Lepedea  spectro- 
grams in  Plate  2 for  the  same  day  demonstrate  that  no  sun- 
ward streaming  protons  are  detectable  during  these  events, 
except  possibly  for  the  event  around  I3(X)-I4(X)  UT.  The  mag- 
netic held  during  this  day  is  often  close  to  the  ecliptic  plane,  so 
there  is  no  possibility  that  the  Lepedea,  which  scans  viewing 
directions  in  the  ecliptic  plane,  would  not  be  able  to  detect 
protons  streaming  along  the  magnetic  held  from  the  bow 
shock.  The  corresponding  electron  spectrograms  in  Plate  2 
also  show  no  abrupt  changes  in  the  electron  distribution  func- 
tion which  can  be  clearly  related  to  variations  in  the  /p*  < / < 
jp~  noise  intensity.  Events  of  this  type,  for  which  no  earth- 
related  source  can  be  identihed,  constitute  about  30-50%  of  all 
of  the  /p*  < / < /p  noise  events  detected  by  Imp  8 upstream 
of  the  bow  shock.  These  events  evidently  correspond  to  the 
interplanetary  /p‘  < / < /p  noise  commonly  detected  by 
Helios  far  from  the  earth,  since  no  earth-related  source  can  be 
identihed. 

To  try  to  identify  the  feature  of  the  solar  wind  charged 
particle  distribution  which  produces  the  interplanetary  (non 
earth  related)  /p*  < / < [p  noise,  the  Imp  8 Lepedea  and 
plasma  wave  data  have  been  examined  for  correlated  events 
which  would  indicate  the  origin  of  the  instability.  Several 
events  have  been  identified  which  strongly  indicate  that  the 
anisotropy  associated  with  the  electron  heat  flux  in  the  solar 
wind  plays  an  important  role  in  producing  the  fp*  < f < jp" 
noise.  One  such  event,  which  occurred  during  a disturbed 
period  on  July  5,  1974,  is  illustrated  in  Figure  10  and  Plate  3. 
In  this  case  a pronounced  burst  of  fp*  < f < fp^  noise  occurs 


from  about  1645  to  1930  LIT,  preceded  by  a shorter  burst  from 
about  1540  to  1600  UT.  The  Lepedea  spectrograms  in  Plate  3 
clearly  show  that  no  protons  are  arriving  from  the  earth's  bow 
shock  during  this  time,  so  these  waves  must  correspond  to  the 
interplanetary  fp*  < f < fp"  noise.  The  enhanced  background, 
evident  in  the  proton  spectrogram  throughout  the  period 
shown  in  Plate  3,  is  caused  by  an  energetic  solar  cosmic  ray 
event.  Close  examination  of  the  electron  sector  spectrogram  in 
the  second  panel  from  the  bottom  in  Plate  3 shows  that  the/p'’ 
< / < fp~  noise  occurs  during  a period  when  a substantial 
anisotropy  is  present  in  the  solar  wind  electron  distribution. 
The  maximum  intensities  occur  for  Lepedea  viewing  directions 
in  the  range  0°  < ^se''  $ 90°,  which  are  approximately  sym- 
metrical with  respect  to  the  magnetic  field  direction,  i^se*  - 
45°,  during  this  period.  This  anisotropy  is  representative  of  a 
substantial  streaming  of  electrons  along  the  magnetic  field 
away  from  the  sun.  The  electron  velocity  distribution  indicates 
that  these  electrons  correspond  to  the  high-temperature  'halo' 
electrons  which  provide  the  main  contribution  to  the  heat  flux 
in  the  solar  wind  [Feldman  ei  at.,  1974).  The  anisotropy  evident 
in  Plate  3 corresponds  to  an  unusually  large  electron  heat  flux 
away  from  the  sun,  directed  along  the  solar  wind  magnetic 
field.  The  detailed  variations  of  the  electron  velocity  distribu- 
tion function  at  a fixed  energy  and  the  corresponding  1 .78-kHz 
electric  field  intensity  variations  are  shown  in  Figure  13  near 
the  beginning  of  the  event.  The  electron  distribution  function 
is  shown  in  two  directions,  ifse''  = 34°  and  124°,  which  are 
approximately  parallel  and  perpendicular,  respectively,  to  the 
average  magnetic  field  directions  projected  onto  the  ecliptic 
plane  during  this  period.  The  interpretation  of  these  data  is 
somewhat  complicated  by  variations  in  the  magnetic  field  di- 
rection. Before  about  1610  UT  the  magnetic  field  is  too  far  out 
of  the  ecliptic  plane,  #.se*  i 60°,  for  accurate  measurements  of 
the  anisotropy  parallel  and  perpendicular  to  the  magnetic 
field.  However,  after  about  1610  UT  the  magnetic  field  is 
sufficiently  close  to  the  ecliptic  plane,  flss®  i 30°.  for  good 
anisotropy  measurements.  As  can  be  seen  from  Figure  13, 
after  about  1650  the  intensities  at  ^se''  = 34°,  looking  along 


I 


the  magnetic  field  toward  the  sun,  increase  substantially  above 
the  intensities  at  = 124°,  perpendicular  to  the  magnetic 
field.  Comparisons  with  the  1.78-kHz  electric  field  intensities 
show  that  the  onset  of  the  /p*  < / < /p  noise  is  closely 
correlated  with  the  increase  in  the  anisotropy  of  the  electron 
distribution.  The  burst  of  noise  at  about  1550  UT  is  also  seen 
to  be  correlated  closely  with  the  increase  of  electron  intensities 
in  the  direction  ipst;''  =»  34°  at  about  1552  UT.  Even  though 
V Ssk"  is  large  at  this  time,  this  burst  must  be  associated  with  an 

anisotropic  component  streaming  along  the  magnetic  field, 
since  the  intensity  perpendicular  to  the  magnetic  field,  ipst*-  = 
124°,  shows  no  comparable  increase.  The  evidence  that  the  /p* 
< / /p  noise  is  associated  with  the  magnetic-field-aligned 
anisotropy  in  the  electron  flux  is  further  supported  by  the 
velocity  distributions  shown  in  Figure  14,  which  are  selected 
for  times  when  fist"  ==  0°  and  for  viewing  directions  parallel 
= 304°  and  34°)  and  antiparallel  (v.se''  = 124°  and  214°) 
to  the  magnetic  field.  The  electron  intensity  measurements  at 
1252  UT  (triangles),  before  the  onset  of  the  }p*  < f < /p' noise, 
show  that  the  anisotropy  is  typically  small,  <20%,  at  all  veloci- 
ties. H owever,  the  measurements  at  1 720  UT  (circles),  after  the 
onset  of  the  fp*  < f < fp  noise,  show  that  the  anisotropy  is 
very  large,  typically  a factor  of  3-5,  over  a broad  range  of 
velocities.  These  velocity  distributions  also  show  that  other 
than  the  change  in  the  anisotropy  the  electron  distribution 
functions  are  nearly  identical  in  the  two  regions,  before  and 
after  onset  of  the  noise.  Comparison  of  these  velocity  distribu- 
tions with  the  measurements  of  Feldman  el  ai  [1975]  clearly 
identifies  this  anisotropy  with  a greatly  enhanced  heat  flux  of 
the  halo  electrons,  directed  along  the  magnetic  field  line  away 
from  the  sun.  These  and  other  similar  observations  provide 
strong  evidence  that  the  anisotropy  associated  with  the  elec- 
tron heat  flux  in  the  solar  wind  plays  an  essential  role  in  the 
generation  of  these  waves.  Close  inspection  of  the  electron 
angular  distributions  in  Plate  2 also  shows,  for  example,  that  a 
similar  electron  anisotropy  is  present  during  the  period  when 
the  ion  acoustic  waves  in  Figure  9 are  being  observed.  The 
variations  in  the  fp*  < f < fp  noise  intensity  are  not,  how- 
ever, as  easily  associated  with  changes  in  the  electron  distribu- 
tion function  in  this  case,  possibly  because  the  plasma  is  close 
to  marginal  stability,  so  that  only  very  minor  changes  in  the 
electron  distribution  or  other  parameters  can  trigger  the 
growth  or  decay  of  the  waves. 

Identification  OF  THE  /p*  </</p  Noise  as 
Short-Wavelength  Ion  Acoustic  Waves 

Some  of  the  factors  involved  in  the  identification  of  the 
plasma  wave  mode  associated  with  the  fp*  < f < fp  noise 
detected  by  Helios  have  already  been  discussed  by  Garnett  and 
Anderson  [1977].  From  the  electrostatic  character  of  the  noise, 
all  of  the  well-known  electromagnetic  modes  of  propagation, 
such  as  the  whistler  and  magnetosonic  modes,  can  be  elimi- 
nated from  consideration.  The  electric  field  orientation,  paral- 
lel to  the  static  magnetic  field,  further  restricts  the  possibilities, 
eliminating,  for  example,  the  various  types  of  ion  cyclotron 
and  Bernstein  modes  which  propagate  nearly  perpendicular  to 
. the  static  magnetic  field.  Essentially  only  two  plasma  wave 

modes  are  known  which  could  account  for  all  of  the  observed 
characteristics.  These  modes  are  the  ion  acoustic  mode  at  / S 
fp*  and  the  Buneman  [1958]  mode  at  fp  ^ (m  /m*)'  ‘fp'.  We 
also  note  that  Scarf  et  al.  [1970]  identified  the  same  modes  as 
the  best  candidates  for  explaining  the  upstream  electrostatic 
noise,  which  is  now  believed  to  be  the  same  basic  plasma  wave 
I mode  detected  by  Helios  far  from  the  earth.  Although  Garnett 

and  Anderson  [1977]  argue  that  it  is  unlikely  that  the  proper 
! conditions  exist  in  the  solar  wind  for  generating  the  Buneman 


Fig.  8.  Example  of  fp-  </< /p  noise  detected  upstream  of  Fig.  9.  Series  of  fp‘  </< /p  noise  bursts  detected  b>  Imp  8 Fig.  10.  Intense  burst  of  fp-  < f < /p  noise  detected  during 
the  earth's  magnetosphere  in  association  with  an  intense  burst  of  for  which  no  protons  can  be  detected  arriving  from  the  bow  shtKk  a period  when  a substantial  anisotropy  i.s  evident  in  the  low-energy 

I-  to  lO-keV  protons  streaming  into  the  solar  wind  from  the  bow  (see  Plate  2).  These  waves  evidently  correspond  to  the  inlerplane-  electron  distribution  (see  Plate  J). 

shock  (see  Plate  I).  tarv  („■  < I < fp  noise  detected  hv  Helios  far  from  the  earth 
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PROTON  VELOCITY,  V^,  KMISECF' 


Fig.  1 1.  Distribution  function  for  the  intense  burst  of  protons  observed  streaming  into  the  solar  wind  from  the  earth's 
bow  shock  from  0930  to  1030  UT  in  Plate  I . The  + F,  velocity  axis  is  directed  toward  the  sun.  The  dashed  line  gives  the 
solar  wind  proton  distribution  function  as  determined  from  the  Los  Alamos  plasma  analyzer  on  Imp  8. 


instability,  no  method  was  available  to  distinguish  clearly  be-  the  wavelength  cannot  be  determined.  However,  the  Imp  6 


tween  these  two  modes  of  propagation.  spacecraft,  which  also  detects  the  same  waves  upstream  of  the 

One  way  of  distinguishing  the  Buneman  mode  from  the  ion  bow  shock,  has  two  antennas  of  different  lengths  which  can  be 

acoustic  mode  is  to  measure  the  wavelength.  The  two  modes  used  to  estimate  wavelengths.  The  technique  used  consists  of 

differ  fundamentally  in  the  wavelengths  required  to  account  comparing  the  measured  antenna  voltages  F with  the  tip-to-tip 

for  the  observed  frequency  spectrums.  Since  ion  acoustic  lengths  L of  the  antennas.  For  wavelengths  longer  than  the 

waves  only  occur  at  frequencies  less  than  fp*  in  the  rest  frame  antenna  the  antenna  voltage  is  directly  proportional  to  the  > 

of  the  plasma,  large  Doppler  shifts  and  correspondingly  short  antenna  length,  so  that  the  computed  electric  field  strength  E 

wavelengths  of  tens  to  hundreds  of  meters  are  required  to  = IV /L  is  the  same  for  both  antennas.  However,  for  wave- 

account  for  the  frequency  range,  (2-10)/p*,  in  which  the  noise  lengths  X comparable  to  or  shorter  than  the  antenna  this 

is  usually  observed.  The  Buneman  mode,  on  the  other  hand,  proportionality  no  longer  holds.  In  general,  we  expect  that 

occurs  at  a frequency  /«  ==  3.49/p*,  which  requires  no  Doppler  when  X $ L,  the  measured  electric  field  strength  will  be  under- 
shift to  account  for  the  observed  frequency  spectrum,  implying  estimated. 


wavelengths  of  several  hundred  meters  or  more.  On  Imp  6 the  electric  field  antennas  consist  of  two  orthog- 

I Since  only  a single  electric  dipole  antenna  is  used  on  Helios,  onal  dipoles  with  tip-to-tip  lengths  of  Ly  = 92.5  m and  Z.,  = 
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ANTENNA- SUN  ANGLE.  DEG 

Fig.  12.  Angular  distribution  of  the  electric  held  intensity  for  a 
burst  of  /„*</<  fp  noise  produced  by  upstreaming  magnetosheaih 
protons.  These  data  show  that  the  electric  field  of  the  proton-driven 
/p'  < / < fp  noise  is  parallel  to  the  solar  wind  magnetic  field, 
essentially  identical  to  the  fp'  < f < fp  noise  detected  by  Flelios  far 
from  the  earth  (compare  with  Figure  4). 

53.5  Tti  [Gurneit,  1974].  The  two  antennas  are  mounted  or- 
thogonally to  each  other  and  to  the  spacecraft  spin  axis.  The 
spin  axis  is  directed  normal  to  the  ecliptic  plane.  Simultaneous 
measurements  of  the  voltage  spectrums  from  the  two  antennas 
are  made  with  two  identical  spectrum  analyzers.  Because  of 
their  orientation  the  two  antennas  do  not  detect  the  same 
component  of  the  electric  field.  However,  for  a steady  state 
wave  spectrum,  comparisons  can  be  made  by  averaging  over 
many  rotations  of  the  spacecraft. 

A case  for  which  the  wavelength  of  the  interplanetary  fp*  < 
f < fp  noise  has  been  estimated  by  using  this  technique  is 
shown  in  Figure  15.  During  this  period.  Imp  6 is  upstream  of 
the  bow  shock  at  geocentric  radial  distances  from  about  19  to 
26  /?,;  and  local  times  from  about  9.8  to  10.2  hours.  A sub- 
stantial level  of  fp'  < f < fp  noise  is  present  during  this 
period.  Some  of  ‘.nese  events  can  be  associated  with  low-energy 
protons  arriving  from  the  bow  shock,  whereas  other  events, 
such  as  the  intense  bursts  from  about  0520  to  0610  UT.  are  of 
interplanetary  origin.  This  period  of  enhanced  activity  occurs 
shortly  after  an  abrupt  increase  in  the  solar  wind  density  at 
about  0500  UT  (see  the  top  panel  of  Figure  15),  which  pre- 
ceded the  onset  of  a high-speed  solar  wind  stream  a few  hours 
later  (W.  Feldman,  personal  communication.  1977). 

The  electric  field  spectrums  obtained  from  the  £»  and  E, 
antennas  during  the  interval  from  about  0530  to  0602  UT  are 
shown  in  the  bottom  panel  of  Figure  16.  The.se  spectrums  give 
the  median  values  of  all  of  the  peak  intensities  obtained  during 
this  interval,  computed  by  using  £ = IV /L.  Each  point  repre- 
sents the  median  of  approximately  7(X)  individual  peak  mea- 
surements. Because  of  the  impulsive  temporal  fluctuations  a 
large  number  of  measurements  are  needed  to  reduce  the  statis- 


tical fluctuations  to  an  acceptable  level.  The  ratio  of  the  E,  to 
the  E,  field  strengths,  computed  from  these  spectrums,  is 
shown  in  the  top  panel  of  Figure  16,  with  estimates  of  the 
corresponding  error  limits  (one  standard  deviation ).  As  can  be 
seen,  the  £y/£,  ratio  is  approximately  I at  low  frequencies,  / 
< 3 kHz,  but  deviates  substantially  below  I at  high  frequen- 
cies, / ^ 10  kHz.  The  decrease  in  the  £,/£,  ratio  at  high 
frequencies  indicates  that  the  longer,  Ey  antenna  is  signifi- 
cantly underestimating  the  field  strengths  in  comparison  to  the 
shorter,  £,  antenna.  This  deviation  of  the  £,/£,  ratio  in- 
dicates that  wavelengths  shorter  than  £,  = 92.5  m are  being 
detected  at  frequencies  above  about  3 kHz. 

To  demonstrate  the  overall  accuracy  and  reliability  of  this 
technique,  a corresponding  analysis  was  performed  on  a band 
of  whistler  mode  plasmaspheric  hiss  detected  in  the  earth's 
magnetosphere  a few  hours  later.  It  is  easily  shown  that  the 
wavelengths  of  these  whistler  mode  waves  are  very  large,  much 
larger  than  the  dimensions  of  the  Imp  6 electric  antennas.  The 
results  of  this  analysis  are  shown  in  Figure  17.  As  can  be  seen, 
the  Ey/E,  ratio  stays  very  close  to  1 at  all  frequencies,  thereby 
confirming  that  the  wavelengths  are  longer  than  the  antenna 
length.  These  and  many  other  similar  comparisons  for  a wide 
variety  of  plasma  wave  phenomena  demonstrate  that  signifi- 
cant deviations  of  the  Ey/E,  ratio  below  1,  such  as  the  devia- 
tion in  Figure  16,  are  not  instrumental  effects  and  can  only  be 
attributed  to  wavelengths  shorter  than  the  antenna  length. 

Since  the  accuracy  of  the  method  has  been  confirmed,  it  is 
now  of  interest  to  compare  the  measurements  in  Figure  16 
with  the  wavelengths  to  be  expected  if  the  waves  are  ion 
acoustic  waves.  For  typical  solar  wind  parameters  T~  = 1.5  X 
10“  °K  it  is  readily  shown  that  the  ion  acoustic  speed  C,  = 
(kT~/m*Y'’  = 35.2  km  s'‘  is  much  less  than  the  solar  wind 
velocity.  For  these  conditions  the  frequency  detected  in  the 
spacecraft  frame  of  reference  is,  to  a good  approximation, 
given  entirely  by  the  Doppler  shift  (valid  for  / » fp" ), 

f = (V,p./\)  cos  dpv  (I) 

where  d,v  is  the  angle  between  the  propagation  vector  k and 
the  solar  wind  velocity  V,„,.  Even  though  the  ion  acoustic 
mode  can  propagate  at  a substantial  angle  to  the  magnetic 
field  (5//x,  1962],  the  fp*  < f < fp  noise  is  evidently  generated 
with  k vectors  nearly  parallel  to  the  static  magnetic  field,  since 
the  electric  field  is  always  observed  to  be  nearly  parallel  to  the 
static  magnetic  field.  Thus  can  be  determined  from  the 
measured  magnetic  field  direction;  i.e.,  ==  flei  - By  solving 

(I ) for  X by  means  of  the  appropriate  solar  wind  speed 
360  km  s ‘ from  Figure  1 5 and  by  means  of  Bpv  ^ 22°  from  the 
Imp  6 magnetometer  data  (D.  Fairfield,  personal  communica- 
tion, 1977)  the  wavelengths  corresponding  to  each  frequency 
can  be  calculated.  These  wavelengths  are  shown  by  the  wave- 
length scale  at  the  top  of  Figure  16  along  with  the  lengths  Ly 
and  L,  of  the  two  electric  antennas.  As  can  be  seen,  the  £,/£, 
ratio  starts  to  deviate  below  I as  soon  as  the  computed  wave- 
length becomes  significantly  shorter  than  the  antenna.  These 
comparisons  show  that  the  wavelength  computed  from  the 
Doppler  shift  formula  is  in  excellent  quantitative  agreement 
with  the  wavelength  estimated  from  the  £,/£,.  ratio  (X  92.5 
m -di  f ^ } kHz). 

Further  evidence  of  short  wavelengths  is  provided  by  the 
upper  cutoff  of  the  observed  frequency  spectrum  and  the  varia- 
tion of  this  cutoff  with  radial  distance  from  the  sun.  It  is  well 
known  that  the  shortest  wavelength  which  can  occur  in  a 
plasma  is  determined  by  the  onset  of  strong  Landau  damping 
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Fig.  13.  Low-energy  electron  intensity  variations  associated  with  the  burst  of  /p*  < f < fp  noise  shown  in  Figure  10. 
The  dashed  curve  at  ^.sp'’  - 124°  gives  the  electron  Intensities  perpendicular  to  the  magnetic  field,  and  the  solid  curve  at 
= 34°  gives  the  intensities  looking  generally  toward  the  sun  and  along  the  ecliptic  plane  projection  of  the  magnetic  field. 
The  !p‘  < f < fp  noise  occurs  during  periods  of  substantial  anisotropy  in  the  low-energy  electron  intensities  associated 
with  the  electron  heat  Hux  in  the  solar  wind. 


at  a wavelength  of  about  2irX»,  where  Xo’  = ukT/ne^  is  the 
Debye  length.  The  minimum  wavelength  X^m  = 2tXo,  com- 
puted from  the  measured  plasma  density  n =:  35  cm  ° and  the 
temperature  r = I.4X  10“  °K,  is  approximately  27.5  m,  as  is 
shown  at  the  top  of  Figure  16.  As  can  be  seen,  this  minimum 
wavelength  is  in  excellent  agreement  with  the  observed  upper 
cutoff  frequency  of  the  electric  field  spectrum.  The  dependence 
of  the  minimum  wavelength  on  the  plasma  density,  Xmm  ^ X„ 
or  l/n'*.  furthermore  explains  the  tendency  for  the  upper 
cutoff  frequency  = (F,„./X„i„)  n‘ ' to  increase  with 
decreasing  radial  distance  from  the  sun  (see  Figure  6).  since 
the  plasma  density  increases  closer  to  the  sun.  When  the 


plasma  density  scaling  law  n <x  i//?*,  appropriate  for  the  solar 
wind  far  from  the  sun.  is  used,  the  upper  cutoff  frequency 
should  vary  approximately  as  /„«,  ^ )/R.  which  is  seen  to  be 
in  good  agreement  with  the  observed  radial  variation  of  the 
upper  cutoff  frequency  illustrated  in  Figure  6.  All  these  com- 
parisons provide  strong  evidence  that  the  low-frequency  elec- 
trostatic waves  detected  in  the  solar  wind  by  Imp  6.  Imp  8.  and 
Helios  have  short  wavelengths  and  Doppler  shifts  consistent 
with  the  identification  of  these  waves  as  ion  acoustic  waves. 

Although  short  wavelengths  are  clearly  ev  ident  for  the  event 
in  Figure  16.  in  most  cases  the  fp'  < f < fp  noise  detected 
by  Imp  6 does  not  show  these  effects  The  event  in  Figure  16  is 
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tig.  14.  Further  detail.s  of  the  anisotropic  electron  di.slribution  associated  with  the  burst  of /„■  < / < /„  noise  shown  in 
Figure  10,  selected  for  times  when  the  magnetic  field  is  aligned  parallel  to  the  viewing  direction  of  the  Lepedea.  At  1252  UT 
the  anisotropy  is  very  small,  and  no  /„'  < f < fp  noise  is  present.  At  1720  UT  the  anisotropy  is  large,  particularly  at  the 
lower  velocities,  and  the  fp'  < f < fp  noise  intensities  are  correspondingly  large. 


unusual  in  that  the  plasma  density  is  very  large,  n = 35  cm 
and  results  in  a minimum  wavelength  substantially  less  than 
the  antenna  length.  For  typical  solar  wind  plasma  densities  at 
I AU,  n ^ 5 cm  the  minimum  wavelength  is  approximately 
A,„  = 72  m.  which  is  evidently  sufficiently  large  to  make  short- 
wavelength  elTects  undetectable  even  though  wavelengths 
shorter  than  the  Imp  6 antenna  length,  Ly  = 92.5  m,  could 
occur.  Note  from  Figure  16  that  most  of  the  wave  energy 
occurs  at  wavelengths  substantially  larger  than  = 2-ir\i, 
and  that  the  intensity  is  strongly  attenuated  for  wavelengths 
approaching  X,„,n.  It  should  also  be  noted  that  because  of  the 
shorter  length  of  the  Helios  antennas  (Z.  = 16  m for  Helios  I. 
and  /.  = 32  m for  Helios  2),  errors  due  to  short-wavelength 
effects  are  not  normally  expected  to  be  significant  for  the 
Helios  measurements,  except  for  unusually  high  densities. 


Origin  oi  the  Solar  Wind  Ion  Acoustic'  Waves 

Having  established  that  the  fp~  < f < fp  noise  consists  of 
short-wavelength  ion  acoustic  waves,  we  now  consider  the 
mechanisms  for  generating  these  waves,  both  in  the  inter- 
planetary medium  and  in  the  region  upstream  of  the  bow 
shock.  The  observed  triggering  of  the  ion  acoustic  waves  by  an 
increase  in  the  electron  heat  flux  provides  strong  evidence  that 
the  ion  acoustic  mode  is  being  driven  unstable  by  the  electron 
heat  flux  in  the  solar  wind,  as  was  first  suggested  bs  Forslund 
|I970|. 

The  basic  mechanism  proposed  by  Forslund  (1970)  is  illus- 
trated schematically  in  Figure  18,  which  shows  the  general 
form  of  the  reduced  one-dimensional  electron  and  proton 
distribution  functions  in  the  solar  wind.  The  reduced  one- 
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Fig.  15.  Series  of  !p*  < } < jp  noise  bursts  detected  by  Imp  6 in  association  with  a density  compression  preceding  a high- 
speed solar  wind  stream. 
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dimensional  distribution  function  F(y)  is  defined  by  F(V)  = ^ 
where  /(V)  is  tbe  three-dimensional  distribution 
function  and  tA'i  represents  an  integration  over  velocities 
perpendicular  to  the  magnetic  field.  As  is-indicated,  a sub- 
stantial anisotropy  is  produced  in  the  high-energy,  or  ‘halo,’ 
electrons  by  the  electron  heat  flux  flowing  outward  away  from 
{\\c  [Feldman  et  al.,  1974,  1975].  Since  the  net  current  in  the 
solar  wind  is  essentially  zero,  except  at  discontinuities,  the 
electron  current  associated  with  the  antisunward  drift  of  the 
energetic  ‘halo’  electrons  must  be  compensated  by  a sunward 
drift  of  the  low-energy  ‘core’  electrons.  This  drift  velocity  is 
indicated  in  Figure  18.  If  the  double  peak  in  the  combined 
velocity  distribution  function  F(y)  = F {V)  -F  (m  /m*)F*(V) 
produced  by  this  drift  is  sufficiently  large,  then  the  ion  acoustic 
mode  is  unstable.  Since  the  drift  is  parallel  to  the  static  mag- 
netic field,  the  waves  produced  by  this  instability  are  expected 
to  have  their  wave  vectors  and  electric  fields  oriented  approxi- 
mately parallel  to  the  static  magnetic  field.  The  condition  for 
instability  is  given  by  the  Penrose  criterion 


where  l'„  is  the  velocity  of  the  minimum  in  FI  K)  [Penroxe. 
I960].  For  equal  electron  and  ion  temperatures  T ^ T*  the 
threshold  drift  velocity  is  very  large,  approximately  F,  = (A7'  / 


m )'  ^ which  is  too  large  to  be  exceeded  in  the  solar  wind. 
However,  if  T » T*  which  is  sometimes  satisfied  in  the 
solar  wind,  then  the  threshold  drift  velocity  for  instability  is 
greatly  reduced,  to  approximately 

F,  ^ (ATVm*)'*  (.1) 

[Krall  and  Trivelpiece,  1973].  For  a solar  wind  ion  temperature 
of  T*  ^ 4.0  X 10*  °K  the  threshold  drift  velocity  is.  for 
example,  only  F,  = 18  km  s ' (T  » T‘  being  assumed  1.  For 
electron  temperatures  only  moderately  larger  than  the  ion 
temperature  the  threshold  drift  velocity  is  larger  than  (3)  by  a 
factor  which  depends  on  T IT'  [see  Krall  and  Trivelpiece. 
1973].  On  the  basis  of  his  analysis.  Foalund  ]I970]  concluded 
that  the  ion  acoustic  mode  should  be  driven  unstable  by  the 
electron  heat  flux  whenever  the  electron  to  ion  temperature 
ratio  is  sufficiently  large. 

Both  the  observed  electric  field  orientation  and  the  associa- 
tion of  enhanced  ion  acoustic  wave  activity  with  increases  in 
the  electron  anisotropy  provide  substantial  evidence  for  the 
mechanism  proposed  by  hirxlund  11970)  The  detailed  argu- 
ments in  support  of  this  mechanism  arc.  however,  more  in- 
volved. since  all  other  types  of  double-peak  distribution  func- 
tions which  could  possibly  generate  ion  acoustic  waves  must 
be  eliminated  from  consideration  Charged  particle  measure- 
ments. such  as  those  in  Plates  2 and  3,  clearly  show  that  ion 
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Fig.  16.  Comparison  of  the  electric  field  amplitudes  for  the  burst  of  /»*</<  /p"  noise  from  0530  to  0602  UT  in  Figure 
IS  using  antennas  of  two  different  lengths.  The  deviation  of  the  Ey/E,  ratio  below  I indicates  that  the  wavelengths  of  the 
waves  are  shorter  than  the  longest  antenna,  Ly  - 92.5  m,  at  frequencies  above  about  3 kHz.  The  scale  at  the  top  of  the 
illustration  indicates  the  wavelength  which  would  occur  if  the  observed  frequencies  were  entirely  due  to  Doppler  shifts. 
Note  the  close  correspondence  of  the  upper  frequency  cutoff  to  the  minimum  wavelength  2r\o  caused  by  Landau  damping. 
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acoustic  waves  occur  during  times  when  no  secondary  peak  is 
detectable  in  either  the  electron  or  the  proton  distribution 
functions,  within  the  energy  range  (50  eV  :$  £ < 45  keV)  and 
resolution  of  the  Lepedea.  Although  electron  energies  less  than 
1(K)  eV  were  not  investigated,  it  is  almost  completely  certain, 
on  the  basis  of  the  results  of  Feldman  ei  al.  [1975],  that  double 
peaks  do  not  occur  in  the  electron  distribution  function  at 
energies  less  than  100  eV.  It  is  possible  that  closely  spaced 
double  peaks  could  occur  in  the  ion  distribution,  such  as  the 
double  proton  streams  reported  by  Feldman  ei  al.  [ 1973al,  snd 
still  be  unresolved  in  the  Lepedea  data.  Comparisons  with 
published  examples  of  double  proton  streams  {Feldman  el  al.. 


1973a]  do  not  show  a close  correspondence  with  the  occur- 
rence of  ion  acoustic  waves;  however,  further  detailed  studies 
are  needed  to  investigate  whether  double  proton  streams  can 
under  some  circumstances  generate  ion  acoustic  waves.  On  the 
assumption  that  the  ion  distribution  functions  do  not  generally 
have  the  double-peaked  form  required  to  produce  an  instabil- 
ity, e.ssentially  the  only  possibility  left  is  the  double  peak 
produced  by  a velocity  shift  between  the  peaks  in  the  electron 
and  ion  distributions,  as  illustrated  in  Figure  18.  The  presence 
of  such  a velocity  shift  in  the  solar  wind  has  now  been  amply 
demonstrated  by  Feldman  el  al.  [1974,  1975).  It  only  remains 
to  be  demonstrated  that  this  shift  is  sufficiently  large  to  exceed 
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Fig.  17.  Comparison  of  the  E,/E,  ratio  for  a broadband  plasmaspheric  hiss  emission  observed  a Tew  hours  aRer  the 
event  in  Figure  16.  Plasmaspheric  hiss  has  wavelengths  much  longer  than  the  antenna  length.  The  close  correspondence  of 
the  Ey/E,  ratio  to  I confirms  the  overall  accuracy  of  this  technique  Tor  detecting  short-wavelength  effects. 


the  threshold  for  generating  ion  acoustic  waves.  The  magni- 
tude of  the  velocity  shift,  which  is  difficult  to  measure  directly, 
can  be  estimated  from  the  anisotropy  in  the  halo  electron 
distribution.  For  the  event  in  Figure  14  at  1720  UT  the  flux  of 
electrons  along  the  magnetic  held  (first  moment)  is  estimated 
to  be  1.50  X lOF  el  (cm’ s)  ’.  When  the  measured  local  plasma 
density  of  n = 10.1  el  cm  ’ is  used,  this  flux  must  be  com- 
pensated by  a sunward  drift  of  the  core  electrons  at  a velocity 
of  about  150  km  s '.  The  ratio  of  this  drift  velocity  to  the 
electron  thermal  speed  (T”  = 1.5  X 10*  °K  being  used)  is 
about  0.1.  Whether  this  drift  velocity  exceeds  the  threshold 
drift  velocity  for  the  ion  acoustic  wave  instability  is  critically 
dependent  on  the  electron  to  ion  temperature  ratio.  For  the 
period  of  interest  the  ion  temperature  measured  by  the  Los 
Alamos  plasma  probe  on  Imp  8 is  T*  =7.1  X 10*  °K.  When  a 
typical  temperature  of  T = 1.5  X 10*  “K  is  used  for  the  core 
electrons,  the  temperature  ratio  is  T /T‘  = 2.14.  For  this 
relatively  low  electron  to  ion  temperature  ratio  the  ion  acous- 
tic mode  should  be  stable  according  to  the  curves  given  by 
Stringer  [1964].  On  the  other  hand,  if  a typical  halo  temper- 
ature of  T = 7.0  X 10*  “K  is  used,  which  gives  T /T‘  = 10, 


the  threshold  drift  velocity  given  by  equation  (3),  F,  = 23  km 
s ' (valid  when  T » T‘ ),  is  exceeded  by  a substantial  factor. 
Since  no  computer  calculations  of  the  threshold  drift  velocity 
are  available  for  a realistic  combination  of  core  and  halo 
electron  distributions,  the  stability  of  the  ion  acoustic  mode 
cannot  be  accurately  determined.  However,  since  the  correct 
effective  electron  to  ion  temperature  ratio  is  probably  some- 
where in  between  the  two  extremes  given  by  the  core  and  halo 
temperatures,  it  seems  likely  that  the  ion  acoustic  mode  is 
unstable  in  this  case.  Further  detailed  analyses  of  the  exact 
instability  conditions  are  needed  for  realistic  models  of  the 
solar  wind  electron  distribution  to  answer  this  question 
clearly. 

For  the  ion  acoustic  waves  generated  by  protons  streaming 
into  the  solar  wind  from  the  bow  shock  there  is  no  question 
about  which  particles  are  responsible  for  the  instability.  How- 
ever, considerable  uncertainty  .still  remains  concerning  the  de- 
tailed mechanism  by  which  the  proton  stream  produces  the 
instability.  In  considering  the  origin  of  the  instability,  two 
distinctly  different  mechanisms  can  be  identified:  (I ) the  insta- 
bility may  be  caused  dirccily  by  the  double  peak  in  the  proton 


Gurnett  anh  Frank:  Ion  Acoustic  Waves  in  the  Solar  Wind 


I 


73 


COUauE  PEAK 


Fi;.  18.  Illustration  showing  the  velocity  shift  between  the  low-energy  electrons  and  the  solar  wind  protons,  required 
to  maintain  zero  net  current  when  a substantial  electron  heat  flux  is  present.  If  the  velocity  shift  is  sufficiently  large,  the 
resulting  double  peak  in  the  combined  electron  and  proton  distribution  function  F(F)  can  cause  the  ion  acoustic  mode  to 
become  unstable. 


distribution  (see  Figure  II),  or  (2)  the  instability  may  be 
caused  indirectly  by  the  shift  in  the  velocity  of  the  core  elec- 
trons required  to  maintain  zero  net  current,  similar  to  the  heat 
flux  mechanism.  Of  these  two  possibilities  the  second  mecha- 
nism is  believed  to  be  dominant.  For  the  first  mechanism, 
rough  estimates  show  that  the  peak  in  the  proton  distribution 
function  due  to  the  upstreaming  protons  is  simply  too  small  to 
be  unstable  according  to  the  Penrose  criterion.  Note  that  the 
contribution  of  the  proton  stream  to  F(  K)  is  greatly  reduced  by 
the  factor  (m  /m* ) in  the  combined  one-dimensional  distribu- 
tion function,  in  addition  to  the  fact  that  the  distribution 
function  for  this  stream  is  nearly  6 orders  of  magnitude  below 
the  peak  due  to  the  solar  wind  beam  (see  Figure  1 1 ).  On  the 
other  hand,  the  proton  flux  associated  with  the  upstreaming 
protons  can  be  quite  substantial,  '■S  X 10*  protons  (cm*  s)"‘. 
The  upstreaming  protons  must  therefore  cause  a shift  in  the 
velocity  of  the  core  electrons  with  respect  to  the  solar  wind 
protons  in  order  to  maintain  zero  net  current.  If  this  shift  is 
large  enough  to  produce  instability,  this  mechanism  will  ex- 
plain why  the  ion  acoustic  waves  driven  by  the  upstreaming 
protons  are  so  similar  to  the  interplanetary  ion  acoustic  waves, 
since  the  mechanisms  are  essentially  identical.  Note  that  halo 
electrons  streaming  away  from  the  sun  and  sunward  streaming 
protons  both  contribute  in  the  same  sense  to  the  current  imbal- 
ance. Detailed  comparisons,  however,  often  show  that  the 
intensities  of  the  upstreaming  protons  are  too  small,  by  factors 
of  10-100,  to  produce  velocity  shifts  exceeding  the  threshold 
for  the  ion  acoustic  wave  instability  using  a simple  Maxwellian 
distribution  for  the  core  electrons.  The  detailed  explanation  of 
this  discrepancy  is  not  known;  however,  one  possibility  is  that 
the  electron  heat  flux  maintains  the  plasma  near  marginal 
stability  for  ion  acoustic  waves,  so  that  only  a small  current 
imbalance  is  needed  to  trigger  the  instability.  Also,  Feldman  el 
al.  (1973/)]  have  shown  that  protons  streaming  into  the  solar 
wind  from  the  earth's  bow  shock  produce  substantial  per- 
turbations in  the  ambient  solar  wind  electron  distribution. 
These  perturbations  and  their  effect  on  the  instability  condi- 
tion given  by  the  Penrose  criterion  must  be  studied  in  greater 
detail  before  the  generation  mechanism  of  the  upstream  ion 
acoustic  waves  can  be  completely  resolved. 

Numerous  investigators  have  suggested  possible  roles  which 
ion  acoustic  turbulence  may  play  in  determining  the  large- 
scale  properties  of  the  solar  wind.  It  has  been  suggested  that 
plasma  waves  can  heat  the  solar  wind  ions  \Fredriiks.  1969). 


regulate  the  electron  heat  flux  in  the  solar  wind  [Forslund. 
1970;  Schulz  and  Eviaiar,  1972],  and  thermally  couple  the 
electron  and  ion  distributions  [Perkins,  1973].  The  extent  to 
which  the  ion  acoustic  waves  detected  by  Helios  and  Imp  6 and 
8 play  any  significant  role  in  these  processes  remains  to  be 
determined.  At  I AU  the  maximum  intensities  of  the  ion 
acoustic  turbulence  are  relatively  small,  energy  density  ratios 
being  approximately  t„Ey/2nkT  ^ 10  '.  The  turbulence  is. 
however,  present  a large  fraction  of  the  time  and  increases 
rapidly  in  intensity  with  decreasing  radial  distance  from  the 
sun.  ~ hese  factors  all  suggest  that  the  presence  of  these  waves 
mur  oe  given  serious  consideration  in  the  overall  under- 
st£  Ming  of  the  solar  wind,  particularly  in  relation  to  the 
regulation  of  the  solar  wind  heat  flux. 

Summary  and  Conclusion 

Plasma  wave  measurements  on  the  solar-orbiting  Helios 
spacecraft  have  previously  shown  that  sporadic  bursts  of  elec- 
trostatic turbulence  are  commonly  observed  in  the  solar  wind 
at  frequencies  between  the  electron  and  ion  plasma  frequencies 
[Gurnell  and  Anderson,  1977].  In  this  paper  we  have  expanded 
the  earlier  investigation  of  these  waves  using  the  Helios  data 
and  have  compared  the  Helios  results  with  similar  measure- 
ments from  Ihe  earth-orbiting  Imp  6 and  8 spacecraft.  Wave- 
length measurements  with  the  Imp  6 spacecraft  now  provide 
strong  evidence  that  these  waves  are  short-wavelength  ion 
acoustic  waves  at  / < /p*  which  are  Doppler-shifted  upward  in 
frequency  by  the  motion  of  the  solar  wind.  The  upper  cutoff 
frequency  and  the  variation  of  this  cutoff  frequency  with  radial 
distance  from  the  sun.  a \/p,  are  in  close  agreement  with 
the  short-wavelength  cutoff  expected  for  ion  acoustic  waves. 

Comparison  with  the  Imp  6 and  8 data  reveals  that  a sub- 
stantial fraction.  50-70^.  of  the  ion  acoustic  wave  turbulence 
detected  in  the  solar  wind  near  the  earth  is  caused  by  supra- 
thermal  protons  streaming  into  the  solar  wind  from  the 
earth's  bow  shock.  These  waves,  which  correspond  to  the 
upstream  electrostatic  waves  first  reported  by  Scarl  el  ai. 
(1970].  are  observationally  indistinguishable  from  the  ion 
acoustic  waves  detected  by  Helios.  Although  both  the  up- 
stream proton-driven  waves  and  the  waves  detected  b>  Helios 
are  evidently  ion  acoustic  waves,  some  distinctly  different 
source  is  required  to  explain  the  Helios  observations,  since 
protons  from  the  earth's  bow  shock  cannot  possibly  account 
for  the  w aves  detected  by  Helios  far  from  the  earth.  I xamina- 
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tion  of  the  Imp  6 and  8 data  reveals  many  examples  of  ion 
acoustic  turbulence  during  periods  when  no  protons  can  be 
detected  coming  from  the  earth's  bow  shock.  These  events 
evidently  correspond  to  the  waves  detected  by  Helios  far  from 
the  earth.  Usually  in  these  cases  there  is  no  evidence  of  signifi- 
cant suprathermal  electron  or  proton  fluxes  other  than  the 
quiescent  solar  wind  distribution.  In  a few  events,  variations  in 
the  ion  acoustic  wave  intensity  were  found  which  are  closely 
correlated  with  changes  in  the  anisotropy  of  the  solar  wind 
electron  distribution.  These  events  suggest  that  the  ion  acous- 
tic turbulence  is  driven  by  the  anisotropy  associated  with  the 
electron  heat  flux  in  the  solar  wind,  as  was  suggested  by 
Forslund  \ \910].  Although  it  seems  reasonably  certain  that  the 
electron  heat  flux  is  in  some  cases  involved  in  the  generation  of 
the  interplanetary  ion  acoustic  waves,  the  association  of  ion 
acoustic  waves  with  suprathermal  protons  from  the  bow  shock 
suggests  that  the  solar  wind  ion  distributions  should  be  investi- 
gated in  greater  detail  to  see  if  double  ion  streams  and  other 
nonthermal  solar  wind  ion  distributions  could  also  be  involved 
in  the  generation  of  these  waves. 
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A ^**"*1^  '*  *'*  P''-  'he  Heiios  I and  2 spacecraft  have  revealed  the  occurrence  of  electric 

field  t^urbulence  in  tnc  solar  wind  at  frequencies  between  the  electron  and  ion  plasma  frequencies.  Wave- 
length mcasurcincnis  with  the  Imp  6 spacecraft  now  provide  strong  evidence  that  these  waves  are  short- 
wavelength  ion  acoustic  waves  which  are  Doppier-shificd  upward  in  frequenev  hv  the  motion  of  the  solar 
wind.  Comparison  of  the  Helios  results  w ith  measurements  from  the  earth-orbiting  Imp  6 and  S spacecraft 
shows  that  the  ion  acoustic  wave  turbulence  detected  in  inte'planetary  space  has  characteristics  essentiallv 
Identical  to  those  of  bursts  of  electrostatic  turbulence  generated  by  protons  streaming  into  the  solar  wind 
iron)  the  earth  s bow  s.iock.  In  a few  cases,  enhanced  ion  acoustic  wave  intensities  have  been  observed  in 
direct  association  with  abrupt  increases  in  the  anisotrop)  of  the  solar  wind  electron  distribution.  This 
relationship  strongly  suggests  that  the  ion  acoustic  waves  detected  bv  Helios  far  from  the  earth  are 
prt^uced  by  an  electron  heat  flux  instability,  as  was  suggested  by  Forsliind.  Possible  related  mechanisms 
which  could  explain  the  genemtion  ol  ion  acoustic  waves  by  protons  streaming  into  the  solar  wind  from 
the  earth  s bow  shock  are  also  considered. 
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